Abstract Pixel lensing is gravitational microlensing of unresolved stars. The main target explored up to now has been the nearby galaxy of Andromeda, M31. The scientific issues of interest are the search for dark matter in form of compact halo objects, the study of the characteristics of the luminous lens and source populations and the possibility of detecting extra-solar (and extragalactic) planets. In the present work we intend to give an updated overview of the observational status in this field. 
Introduction
Following the original suggestion of Paczyński (1), (stellar) gravitational microlensing is by now an established and efficient tool of research. The original motivation has been the search for dark matter in Galactic halos in form of compact halo objects (MACHOs). Meanwhile microlensing probed to be a powerful tool also for the analysis of the characteristics of the (luminous) lens and source populations and, more generally, of the Galactic structure. The first lines of sight to be explored have been those towards the Magellanic Clouds and the Galactic centre (for an updated account see the review of Moniez (2)). Along this second line of sight, the current main field of application is the search for extra-solar planets (thoroughly discussed in the review of Dominik (3)).
As for the search of compact halo objects, the results obtained along the line of sight towards the LMC are non-conclusive. The MACHO collaboration S. Calchi Novati Dipartimento di Fisica "E. R. Caianiello", Università di Salerno, 84084 Fisciano, Italy and Istituto Nazionale di Fisica Nucleare, Sezione di Napoli, Italy. E-mail: novati@sa.infn.it claimed the detection of a MACHO signal from objects of ∼ 0.4 M ⊙ that would constitute a (Milky Way) halo mass fraction f ∼ 20% (4; 5) . On the other hand, the EROS group found no candidate events along this line of sight and put a rather stringent limit upper limit, f < 0.1, in the mass range of compact halo objects preferred by the MACHO results (6) . More recently, the OGLE collaboration presented two candidate events towards the LMC out of their OGLE-II campaign, concluding that this is compatible with the expected self-lensing signal (7) .
As soon as one wants to move beyond these nearby targets a difficulty arises in that the potential sources of microlensing events are no longer resolved objects and we enter the regime usually referred to as pixel lensing. (At even larger distance we enter the realm of quasar, or cosmological, gravitational microlensing, which is the subject of the review of Wambsganss (8) .) Up to know the main field of application of pixel lensing has been the nearby Andromeda galaxy, M31.
Pixel lensing, and in particular the line of sight towards the Andromeda galaxy, is the subject of the present review. Many reviews exist on the subject of gravitational microlensing (e.g. Paczyński (9), Roulet and Mollerach (10), Wambsganss (11) ). The theoretical aspects related more specifically to pixel lensing have also been already thoroughly discussed in a number of papers. In the present work we intend to give an updated overview of the current observational status in this field. The outline is the following. We start with a brief discussion of the basic of pixel lensing, § 2. In § 3 we discuss M31 pixel lensing: we trace back the theoretical developments, § 3.1, and the observational campaigns carried out along this direction, § 3.2. The modelling of M31 is discussed in § 3.3 and the expected lensing signal in § 3.4. The main focus of the present review is on the presentation of the observational results obtained up to now along this line of sight, their interpretation and the outlook for future developments. This is the object of § 3.5. In particular we present the candidate events in § 3.5.1 and the results obtained on the MACHO content in § 3.5.2. In § 3.6 we discuss a further relevant scientific application, the search for extra-solar planets in M31 with pixel lensing. Finally, in § 4, we discuss the application of pixel lensing towards targets beyond the Local Group.
Basic of Pixel lensing
Pixel lensing is gravitational microlensing of unresolved stars (12) . Looking for microlensing events, and moving beyond the more nearby available targets (the Galactic bulge and the Magellanic Clouds) the potential sources are no longer resolved (though possibly blended) objects 1 . This establishes the difference with respect to "classical" gravitational lensing. The key idea in this regime is therefore to look for flux variations of the picture elements of the image (the pixels). The appealing part of this approach is, besides the possibility to explore more distant targets, the huge increase of potential sources (all of them, more over, accessible to within rather small field of views compared to local searches). The related problem is the impossibility, in most cases, to access the source star flux. In turn, this enhances a series of problems in the analysis peculiar to pixel lensing.
Quite generally, we may write the light curve flux for a microlensing event as Φ (t, {θ}) = Φ * · (A (t, {θ}) − 1) + Φ B .
Here Φ * is the flux of the unlensed source, A (t, {θ}) is the microlensing amplification, with {θ} being the amplification parameters, and Φ B the background flux level. The microlensing amplification in the simplest (and standard) situation of point source, point lens and uniform relative motion depends on three parameters: the impact parameter, u 0 , the time of maximum amplification, t 0 , and the Einstein time, t E (the corresponding light curve is usually referred to as Paczyński light curve):
where
The relevant physical parameter is t E which sets the fundamental timescale of the event. It depends from the lens mass, M , the most relevant physical information one is interested into, and other usually non directly observable quantities as the lens and source distances, D l and D s respectively, and the lens relative velocity v with respect to the line of sight, as t E = R E /v. R E is the Einstein radius, and θ E = R E /D l the angular Einstein radius (on the lens plane)
θ E is the fundamental (angular) length scale which sets the cross-section of microlensing events.
In the "classical" lensing regime the quantity Φ(t) in Eq. 1 is the measured flux from the lensed object. With A(t) → 1 for |t| ≫ t 0 , the background level reads Φ B = Φ * + Φ ′ B , with Φ ′ B being the flux of any unlensed source blended within the source star PSF. In principle Φ ′ B is a well known quantity so that the microlensing light curve can be fitted to the four unknown parameters t E , u 0 , t 0 and Φ * 2 .
In the pixel-lensing regime, instead, the quantity Φ(t) in Eq. 1 is the pixel flux. Within the same pixel there is a large number of potential sources, and an even much larger number of stars too faint to give rise to any detectable lensing signal. This can be looked at as the opposite case of classical lensing, namely, a completely blended situation with Φ ′ B ≫ Φ * . As an immediate consequence the photon noise is going to be dominated by the underlying background of the unresolved sources rather than from the actual star being lensed (and in particular of the amplification). This is the characteristic signature of pixel lensing analyses. A related issue is the threshold magnification needed to give rise to a detectable signal that we are going to detail below. As a direct consequence we may expect to be difficult to measure from a light curve fit to the data the unlensed flux and the event timescale, t E . In fact, one usually finds a strong degeneracy in the parameter space t E , u 0 (or, equivalently, Φ * , u 0 ) (16). A possible way out is that of reducing the number of free parameters from three to two Φ * , u 0 , t E → ∆Φ, t FWHM (16; 17) . Both the new parameters ∆Φ and t FWHM can always be easily measured on the light curve as the flux difference at maximum amplification and the full-width-half-maximum event duration, respectively. The FWHM timescale, t FWHM , is proportional to the Einstein timescale, t FWHM = t E · f (u 0 ) (17) . For large values of the amplification, u 0 ≪ 1, this relationship reduces to t FWHM = √ 12u 0 t E . Gould (12) made the further distinction, within the pixel-lensing regime, of a "semiclassical" regime, where one can yet get to break the parameter degeneracy and evaluate the unlensed source flux, and a "spike" regime, where the background level is so large that only events with extremely large amplification, u 0 ≪ 1, are observable, and where it is actually impossible to determine the physical duration t E .
As remarked by Gould (12) , M31 pixel lensing is at the limit between the semiclassical and the spike regime. It is not obvious to, but sometime possible to measure out of the observed light curves, with a reasonable precision, the physical timescale t E . To this purpose, an extremely good sampling along the flux variation, and in particular along their wings (12; 18; 19) , is essential. Besides, a suitable sampling is in order also to distinguish lensing signals from intrinsic variable objects. As a note of terminology, therefore, we may say that a "pixel-lensing" event, besides the access to the knowledge of the source flux, is a microlensing event for which the photon noise is dominated by that of the background level.
In the classical regime a microlensing event is considered to be enhanced whenever the impact parameter, u 0 , gets smaller than one. For a specific experimental campaign this value may be chosen to be somewhat smaller or larger, but in any case it is a fixed quantity whatever, in particular, the source flux value. In the pixel lensing regime the situation is altogether different. The threshold impact parameter, u T , is determined given the, line of sight dependent, background noise and depending on the underlying source luminosity function (20) . In particular it turns out that, typically, u T ∼ O(10 −2 − 10 −3 ). To conclude, before moving to applications of pixel lensing towards M31 and even more distant targets, we note that pixel lensing can in fact be used also for nearby targets. In particular, microlensing analyses towards the LMC are usually carried out looking at resolved objects, but one can expect microlensing events also from unresolved LMC sources (in fact, as it turns out, more events than from just resolved objects). Such a programme has been carried out using a part of the EROS-1 data towards the LMC bar (21; 22).
M31 pixel lensing

Theoretical developments
The idea of looking for microlensing events with sources (and lenses) belonging to M31 has been first, independently, proposed by Crotts (23) and Baillon et al. (24) . Crotts (23) first acknowledged the opportunity given by the geometry of M31, the inclination of the M31 disk, to get a signature in the spatial distribution of microlensing events due to M31 compact halo objects. Furthermore, he considered, as a possible detection method, a first idea of what was going to become the scheme of difference image photometry (25) . On the other hand, the main focus of the analysis presented by Baillon et al. (24) has been on the acknowledgement of the role played by looking for microlensing events due to unresolved stars. As discussed in the previous Section, this introduces additional difficulties in the analysis but, on the other hand, translates in an appealing substantial increase into the number of potential sources. Furthermore, they have presented a first, detailed, Monte Carlo simulation framework to establish the expected signal for a microlensing experiment. In particular they have shown the relevant result that we may expect the sources of most events to be bright stars (as a typical value, roughly M V < 2) with not so large amplification, and not, therefore, faint sources with extremely large amplification. Furthermore, following this first analysis, an original scheme of light curve analysis, the superpixel photometry (26; 22) 3 was then developed. Shortly after, Jetzer (27) presented a more detailed theoretical study on gravitational microlensing towards M31 with emphasis on the relevant microlensing quantities, the optical depth and the microlensing rate.
A further advantage of the line of sight towards M31 for MACHO searches, whose relevance can not be stressed enough, is the possibility, looking at it from outside, to fully map the M31 own dark matter halo. Such an analysis is not possible for the Galactic halo.
These first theoretical analyses have been thoroughly developed. Colley (28) have formalized the problem of detecting events through the "threshold" approach. Han (29) analysed the problem of observations towards the M31 bulge evaluating the optical depth, the timescale distribution and the expected event rate for a specific observational set up. Furthermore, he provided an important result on the extinction by the dust in the M31 disk. Gondolo (17) considered the problem of evaluating the optical depth in the pixel lensing regime, namely, by making use of the FWHM timescale, t FWHM , rather than the Einstein timescale, t E . Further analyses concerning the optical depth and the event rate for M31 pixel lensing have been carried out by Gyuk and Crotts (30) and by Baltz and coauthors (18; 31; 32) .
A crucial aspect of any microlensing campaign is the estimate of the expected signal. Kerins (41; 42) , thanks to a collaboration with A. Gould and sharing data with the VATT/Columbia project, analysed data collected at the 1.3m MDM telescope. Still from a collaboration with the AGAPE group, the Nainital group carried out a campaign with the 104cm Sampurnanad telescope (43) . Eventually, from the AGAPE experiment, the POINT-AGAPE (Pixel-lensing Observations with the Isaac Newton Telescope) collaboration was begun sharing data collected at the 2.5m INT telescope with the MEGA collaboration (44; 45; 46; 34) . Finally, the WeCAPP (Wendelstein Calar Alto Pixellensing Project) group carried out a several-years campaign using both the 1.3m Calar Alto telescope and the 0.80m Wendelstein telescopes (47; 48) . In Table 1 we resume the present status. Most observational campaigns have been observing around the M31 bulge region, although usually avoiding the very M31 centre. In Fig. 2 we draw the contours of the field observed by the POINT-AGAPE/MEGA collaborations, up to now the pixel lensing observational campaign that covered the largest field of view.
Ongoing microlensing campaigns are trying to overcome some of the problems of the first campaigns. E. Kerins et al. (50) started the ANGSTROM (Andromeda Galaxy Stellar Robotic Microlensing) collaboration to probe stellar lensing in the inner bulge region of M31 down to low mass stars with the specific aim to constrain the 3d structure of the M31 bulge. By making primarily use of a network of 2m class robotic telescopes with a small field of view, 4.6 ′ × 4.6 ′ , centered right in the M31 centre (the Liverpool Telescope, LT, and the Faulkes Telescope North, FTN), plus 3 additional telescopes (the 1.8m Bohyunsan Observatory in Korea, the 2.4m Hiltner MDM at Kitt Peak, US, and the 1.5m Maidanak Observatory in Uzbekistan), the ANGSTROM collaboration has also undertaken the first ambitious and challenging project of real time microlensing discovery outside the Galaxy: the APAS, the Angstrom Project Alert System (52). In particular they also considered the possibility to use this high cadence survey to flag and follow up binary systems in M31 (53) . The ANGSTROM project has begun taking data in 2004. The PLAN (Pixel Lensing Andromeda) collaboration undergone a new observational campaigns making use of the 1.5m Loiano Telescope at OAB (Astronomical Observatory of Bologna, Italy) (51) . With a CCD field of view of 13 ′ × 12.6 ′ they have been monitoring two fields around the inner M31 region, with an aggressive observational strategy of consecutive and full nights. Given the short duration of the expected events, a good sampling is essential first to safely distinguish microlensing events from intrinsic variables and then to robustly characterize the detected events. The PLAN collaboration started observing with a pilot season campaign in 2006, and is still currently carryng on his observational effort. In particular they have reported the detection of 2 microlensing candidates from their 2007 season (35) . In 2008 they begun using also the 1.5m TT1 telescope (Astronomical Observatory of Capodimonte, Napoli, Italy).
Both these ongoing observational campaigns suffer, in the perspective of the search for MACHOs, from an intrinsic limitation in that their observed fields of view are rather small. As we will detail later, the spatial distribution of the lensing events is an important issue, so that the possibility to monitor not only the M31 central region is crucial for a correct understanding of the lensing signal. The PAnandromeda project 5 plans to make use of the 1.8m PS1 telescope 6 with a huge field of view of 6.4 sqdeg (with an almost complete 64 × 64 array of CCD devices, each about 600 × 600 pixels and using the "orthogonal transfer" technique for the read out). This will cover in a single shot all of the M31 field. M31 is expected to be monitored with a cadence of nightly exposures (such a tight sampling is extremely important, indeed essential, to cope with the expected flux variations lasting a few days only) of 12m and 6m in r ′ and i ′ band, respectively, for about 10 weeks per season (this overall exposure time per night, however, given the mirror size, may not allow to go fainter than previous campaigns, in particular the INT one which, with a 2.5m telescope, observed each field, usually, about 20m per night in r ′ band, though with a much more irregular sampling). Such an ambitious project is expected to bring extremely exciting results on M31 pixel lensing. The observational campaign has been started in 2009.
Modelling of M31
A correct modelling of M31 is an essential ingredient for any analysis aiming at describing the expected lensing signal along this line of sight. The starting point is an accurate model for the luminous components responsible for the expected self-lensing signal. This is particularly delicate also because, opposite to the LMC case, this signal, at least in the central M31 region, is in fact comparable to the would be MACHO signal.
M31 lies at a distance estimated at ∼ 785 kpc (54) (see also (55) who proposed a somewhat larger value), with a sharp inclination angle of 77
• (56). The morphology of M31 is similar to that of the Milky Way, with a central bulge and a disc. The single one fundamental physical parameter linked to the expected lensing signal is the overall stellar mass of these luminous components. As for the bulge mass the estimate of Kent (57) of 4.0 × 10 10 M ⊙ (for which a distance to M31 of "only" 690 kpc was used) has become a sort of "standard" reference value for most microlensing analyses (30; 20; 31; 33; 35) . Together with a disc mass of 3.1 × 10 M ⊙ ) for the bulge and the disc mass, respectively. On the other hand, most non-microlensing analyses usually get to a somewhat larger overall stellar mass, ∼ 10 × 10 10 M ⊙ , but with a smaller bulge mass. In particular bulge and disc mass values are reported to be (in units of 10 10 M ⊙ ) 2.4 and 7.1 (58), 3.2 and 7.2 (59), 2.5 and 7.0 (60), 3.4 and 5.6 (61), 1.9 and 7.0 (62). Clearly there is still not a consensus on this issue. One leading reason is the uncertainty linked to the M/L ratio values and to the (related) issue of the internal M31 extinction (see also (63) ). It is beyond our scope to enter a detailed discussion about this matter for which we refer to the previously cited works. We only note that, in particular for the bulge mass, the rather large value in microlensing analyses is usually assumed to be on the "safe" side in order not to underestimate the lensing bulge contribution. On the other hand, in microlensing analyses one should be careful to actually take into account the stellar mass contribution only, and this may be at odd with determinations based on dynamical grounds. Clearly, a correct estimate of the bulge and disc mass is essential in order to get to reliable estimates of the expected self-lensing signal.
For the overall bulge and disc structure the models are based upon the available surface brightness profiles. Besides the work of Walterbos and Kennicutt (56), we recall also the analyses of Kent (64; 65; 66) and in particular the bulge/disc decomposition discussed in (57) that have been taken as a basis, in particular, for many microlensing analyses (20; 34; 33; 35) . Noteworthy, to discuss their microlensing results, de Jong et al. (39) made use of a fully self-consistent M31 model following the analysis of Widrow and Dubinksi (67) . More detailed morphological analyses of the inner M31 bulge suggest also the presence of a bar-like structure (68; 69) . A specific analysis on this issue from a microlensing perspective is given in Kerins et al. (50) .
As for the bulge structure and population we finally mention the recent work of Saglia et al. (70) who present and discuss new optical long-slit data out to 5
′ from the M31 centre with the purpose to constrain the stellar and gas kinematics. In particular they point out that previous estimates of the velocity dispersion were severely underestimated and this lead them to revise upward, with respect for instance to the analyses in (60; 33; 58), the stellar mass of the bulge. Their analysis also suggests the possibility of an intrinsic triaxiality of the bulge and/or the presence of a bar.
A further, somewhat elusive, stellar component is the stellar halo of M31 (71; 72), known in particular to be rich in substructures (73; 74) . The microlensing signal from this component may be expected to be enhanced because of the increase in the lens-source distance, however, because of the small density and overall total mass, one can expect that this should not be large with respect to microlensing events by lenses in the bulge or the disc. Anyway, a specific analysis on this issue still awaits to be carried out.
In order to specify a microlensing event one also needs the mass function for the lenses (given the overall mass of a lens component, this is related to the number of available lenses) and the luminosity function for the sources (given the surface brightness, this is related to the number of available sources along a given line of sight). We still lack definitive results on both these issues, even if the content of the M31 stellar bulge and disc have been already the object of several analyses (75; 76; 77; 78; 79) (for the mass function we recall in particular the work of (80)). Therefore, most times Milky Way results (for the mass function) and synthetic luminosity functions are used (for microlensingbased analyses we refer for instance to the discussions in Riffeser et al. (33) and in Kerins et al. (50)). A relevant aspect to stress is that, whereas for the mass function one is mostly interested in the low mass tail, where most lenses are, for the luminosity function one is mainly interested in the opposite tail, the bright end, as one expect only giant stars as possible sources. Finally, one needs models for the velocity distributions (Ref. (70) and references therein) and the M31 transverse velocity (81) .
In an early work, Braun (82), with a study of the neutral gas in M31, and in particular of the rotation curve out to 28 kpc, concluded on the lack of indications for a massive dark halo. This view is by now altogether changed. For instance, in a recent analysis, Chemin et al. (58) , by studying the M31 rotation curve out to 38 kpc, conclude that the dark matter component is almost 4 times more massive than the baryonic mass. The authors also consider different shape for the dark matter halo, the Navarro-Frenk& White (83; 84) model, the Einasto model (85) , and the (pseudo-)isothermal sphere. Noteworthy, these models all fail to exactly reproduce the observed rotation curve, and neither of them is found to be preferred.
The expected signal
A first characterisation of the expected pixel lensing signal may come from an analysis of the microlensing quantities, the optical depth and the microlensing rate. However, to properly address this issue a full simulation of a given experiment is needed. This holds because of the interplay among the background noise level, the threshold impact parameter and the luminosity function (more specifically, the exact fraction of unresolved stars that must be counted as possible sources) (20; 33; 50; 34; 35) . In particular, a fundamental issue to be addressed is the correct understanding of the nature of the lenses. Either belonging to some known luminous population, for self-lensing events, or to the dark matter halo, for MACHO lensing. This is never trivial for microlensing events, as lens mass, lens and source distances and relative velocities are not directly measured. In the pixel lensing regime this is further complicated because of the additional degeneracy due to the ignorance of the source flux. Self lensing constitutes a background one must get rid of for the study of the MACHO lensing signal. Nonetheless, the self-lensing signal is relevant in itself. It allows one to assess the capability of one's pipeline to detect microlensing events, whenever expected, and, if possible, to "normalize" the expected selflensing versus MACHO lensing signal. Furthermore, self lensing can also be used to study the characteristics of the luminous lens populations (for Galactic bulge observations we recall, for instance, the analysis of the bulge mass function in (86)).
At a first level of analysis three main statistics are available to characterize the lensing signal: the number of observed events, the duration and the distance from the M31 centre distributions. In principle, as for the spatial distribution, one might want to study the expected asymmetry for lensing events due to compact objects belonging to the M31 halo (Milky Way compact halo objects are expected to contribute, for given MACHO mass and halo fraction, for about one third of the overall MACHO signal (33)). To do so, however, a rather large number of events is necessary, and indeed the MEGA collaboration studied this statistics (39) . Further care in this analysis is however suggested by the results by An et al. (87) who have shown that differential extinction in M31 might induce a similar asymmetric signal on the spatial distribution of self-lensing events. The distance from the M31 centre can be taken, in any case, as a useful zeroth order approximation (34; 51) as self-lensing events are expected to be more clustered around the M31 centre. A fourth available statistics is the flux deviation at maximum. However, this is only useful as a consistency check for the analysis, but it contains no information about the nature of the lenses.
The number of the expected events, in the central M31 region, from self lensing and MACHO lensing are about of the same order. The exact number depends on the M31 model, the field of view and the observational set up (besides the MACHO mass and halo fraction). We can take as an example the results reported in the analysis of Riffeser et al. (33) in their Table 2 , for the expected signal in a field of view of about 17 ′ × 17 ′ around the M31 centre. To be more specific, let consider compact halo objects of 0.5 M ⊙ and an halo mass fraction f = 20%, about the preferred values from the MACHO LMC analysis (4). It then turns out that the number of expected self-lensing events is indeed larger, by about a factor of 1.5, than that of MACHO lensing ones 7 . This result can also be deduced by the top panels of Fig. 1 where we report the microlensing rate for bulge sources and bulge and M31 0.5 M ⊙ compact halo objects lenses (using the same models of (33)). Here the rate is evaluated per source star and for a fixed threshold impact parameter, u T = 1, so that it can not be directly compared to the observations. However it clearly shows, first, the already stated asymmetry expected for M31 halo lensing events. Second, that self lensing, at least in the central region, is expected to give rise to a similar signal, as for the number of events, than MACHO lensing (note in particular the position of the line of equal rate at 10 −5 events yr −1 ). To evaluate the actual number of expected events this expression of the rate must be multiplied, roughly the same overall factor for the different lens populations, for the number of available sources using the appropriate value for the threshold impact parameter, u T . Depending on the luminosity function, the number of available sources follows the M31 surface brightness profile and peaks at the M31 centre. This explains the increase towards the M31 centre of the expected number of events for all the lens populations. On the other hand, the threshold value for the impact parameter, u T , is a function of the line of sight ( § 2). Corresponding to the increase in the noise level following the M31 surface brightness, the threshold impact parameter decreases. As a final outcome, the expected number of lensing events, for both MACHO lensing and self lensing, moving towards the M31 centre first increases and then decreases with a turn off point determined by the specific observational set up. In Fig. 1 , middle panels, we show the results of the Monte Carlo simulation for the POINT-AGAPE experiment, (34) , for the distribution of the expected distance from the M31 centre. Finally, moving towards the M31 centre, one must also face the problem of the increasing crowding of the field which further decreases the expected signal. To properly evaluate the extent of this effect is one of the main purposes of the detection efficiency analyses. This result motivates the need of looking for microlensing events also in the outer regions of M31, where the expected self-lensing signal may be considered negligible. On the other hand, this is also where the expected overall rate becomes quite small, not a secondary issue as a main problem for the interpretation of the current experiments is the overall low rate of observed events. The analysis of the inner M31 region remains however essential, as the observation (or not) of the expected self-lensing signal may be used as a ruler for a given experiment.
The further relevant statistics we have from the observations is the event duration. As discussed in § 2, the directly accessible quantity is the full-widthhalf-maximum duration, t FWHM = t E ·w(u 0 ). Once again, the threshold impact parameter, and its dependence on the background noise level, enters into play. In particular, at least for MACHO mass in the same range of stellar masses, the differences that exist in the physical duration distributions for MACHO lensing and self-lensing are almost completely washed out. It also turns out that, whatever the lens population, most of the events are expected to last a few days only. In Fig. 1 , bottom panels, we show the cumulative distribution for the Einstein time and the full-width-halo-maximum timescales for the bulge sources and bulge and 0.5 M ⊙ M31 MACHO lenses configurations from the Monte Carlo simulation of the Loiano experiment discussed by the PLAN collaboration (35).
At a more refined level of analysis, a possible expected deviation from the standard Paczyński light curve that can be exploited for a deeper understanding of the lens nature is the finite size of the sources (93) . Indeed, this effect can become relevant as most sources are expected to be bright giant stars, and in particular it has been shown to be suitable to distinguish MACHO lensing from self-lensing events (94) . Furthermore, deviations from the pointlike source light curve shape may also be used to constrain the lens proper motion (95) . In turn, this is relevant as it may allow one to distinguish M31 lenses from Milky Way ones (96; 44).
Observational results
The microlensing candidate events
Microlensing events are distinguished from intrinsic variable signals for the shape, the achromaticity and the unicity. As for the shape, most of the events are expected, and found, to follow the symmetric bell-like Paczyński light curve. Any deviation (finite source effect, parallax, binary lens/source, . . . ), on the other hand, if explained in a microlensing context, can only reinforce the microlensing interpretation. On the other hand, because the background level has not, in general, the same colour than the lensed star, only the luminosity increase during the microlensing event is expected to be achromatic (26) .
The very first concern of microlensing campaigns towards M31, in a regime where one can not resolve the source stars, was that of being able to detect microlensing events at all. After more than 10 years now of observational efforts, there are no doubts that microlensing events towards M31 have been observed.
The first microlensing candidate events reported towards M31 have been those presented by the VATT/Columbia collaboration (36) . Although this represented a relevant result, as this clearly showed, for the first time, the possibility of such a detection, these flux variations (all of them of quite long duration and in fact lacking both a suitable sampling and a long enough baseline to robustly probe their unicity) have not been further discussed in the following works of the same collaboration, in particular in (37), so we are not going to consider them any longer. Superimposed on iso-density contours of the M31 disc we report the position of the candidate microlensing events observed towards M31, indicated according to the numeration given in Table 2 . The symbols refer to the collaboration that first reported an event: AGAPE (star), POINT-AGAPE (filled circles), SLOTT-AGAPE (empty diamonds), MEGA (empty circles), WeCAPP (filled upward triangle), VATT/Columbia (filled downward triangles), PLAN (filled boxes), NAINITAL (empty upward triangle). The size of the symbols is related to the event duration. Four bins are considered (t FWHM < 5 days, 5 < t FWHM < 10 days, 10 < t FWHM < 25 days and t FWHM > 25 days), with smaller symbols for shorter duration events (in the colour version, black, red, blue and green, respectively). Also reported, the contours of the two fields of view of the 2.5m INT campaign.
The first convincing microlensing candidate event towards M31, AGAPE-Z1, was then observed and characterised by the AGAPE collaboration (40) . Indeed, its position and its shape, in particular its short duration, make of it a quite robust candidate. However, and this reason prevented at that time a sharper conclusion about its microlensing nature, although the possible intrinsic variable contaminations were carefully analysed and ruled out, the lack Fig . 3 For the candidate microlensing events observed towards M31, Table 2 , we report, from top to bottom, the distribution of the duration, t FWHM , of the distance from the M31 centre, d M31 and of the flux deviation at maximum expressed in term of magnitude,
of a suitable coverage of the flux deviation in two colours did not allow the achromaticity to be properly tested.
In Table 2 we report all the microlensing candidate events that have been reported up to now. A few of them have been detected independently by more than one collaboration (this holds in particular for the POINT-AGAPE and the MEGA group who shared the same set of INT data). The total number of events sums up to 29.
In particular, from the analysis of Belokurov et al. (46) we report only the three "first level" candidates. The only new one with respect to the previous POINT-AGAPE analyses was PA-S16 (this is a POINT-AGAPE internal name only, in that paper it was simply indicated as "candidate 1"). Three "second level" candidates were also reported, all of them quite faint and of rather long duration, t FWHM > 30 days, and 16 "third level" ones. Noteworthy, 11 out of these 16 lie at more than 12' from the M31 centre.
Most of the sources of M31 microlensing events are expected to be bright giants stars (26) , that should be visible, therefore, on HST images. Indeed, an identification of the source has been reported for a few events. This is extremely important in particular as it allows one to break the parameter degeneracy and to measure the physical timescale t E .
In Fig. 2 we report, superimposed on the isodensity contours of the M31 disk, the position of these candidate events.
In Fig. 3 we report, for this set of observed candidate events, the distribution of the duration t FWHM , the flux deviation at maximum, expressed in term of magnitude, ∆R MAX , and of the distance from the M31 centre. Looking at these distributions, we note that most of the reported events have a quite short duration, t FWHM < 10 days, and are clustered around the inner M31 region. These outcomes match well the theoretical expectations ( § 3.4) and are relevant with respect to the issue of the possible contamination of variable stars to the microlensing signal.
Because of their intrinsically non-repeating nature, most of the time it is difficult to completely rule out the possibility of an intrinsic variable contamination and altogether drop the qualification of candidate for a reported microlensing event. For single events this is actually possible if the light curve shape deviates, in a microlensing-like way, from the smooth Paczyński shape, for instance for binary events. This might be the case for at least one of the M31 pixel-lensing events, PA-N2. On the other hand, for a large enough set of events this is possible statistically if the observed signal characteristics match the expected ones.
The background noise to the microlensing signal is given by intrinsically variable stars. In the pixel-lensing regime many stars contribute to the flux of each pixel. Even if not bright enough to give rise to a detectable signal over the background noise level, these can add an additional, non-gaussian, noise to the light curve (with the extreme case being, as for PA-N1, of a bonafide microlensing event superimposed on the same light curve of a variable star). This is indeed a relevant issue as for our ability to select microlensing events at all (so that it concerns the efficiency of a selection pipeline). Second, there might be variable stars masquerading as microlensing events, and this indeed is the biggest single problem in the interpretation of microlensing events. For a typical pixel-lensing campaign one monitors thousands of flux variations due to intrinsic variable stars to be compared with a few (if any) microlensing signals. Variable stars contaminating the microlensing signal should reside either in our Galaxy or in M31 itself, or might be background supernovae. For (unique flux variation) candidate events of short duration and located near to the M31 centre, all of these possible form of contamination can be, even if not absolutely ruled out, safely excluded (34) . (For instance, a few flux variations first claimed to be microlensing candidates, located in the inner M31 region but with a quite large timescale (41) , have been in a second moment, once the analysis extended over a longer baseline, probed to be due to intrinsically variable stars (42) .) While this argument can be used statistically for large enough set of events, for single events, for which a long enough flat baseline (a usual demand in any selection pipeline) can be taken as a strong proof against the contamination of repeating variables, the single one more dangerous form of contamination comes from eruptive variables. This possibility must be carefully considered case by case, with particular attention to the shape and the colour of the candidate event.
Looking back at the distributions shown in Fig. 3 we may indeed wonder whether long duration and faint events, the most easily to be confused with underlying background variable stars, can be looked at as outliers of a truly microlensing distribution.
Besides AGAPE-Z1 (Fig. 4, top panel) , a few more events deserve some more comments. PA-N1 (44) is characteristic in that its light curve is clearly contaminated by a nearby variable. Its short duration, good sampling and probed achromaticity make of it a robust microlensing event. Furthermore, the possible source has been identified on some HST frame (this identification, however, has been challenged by Cseresnjes et al. (97)). PA-N2 (45)/MEGA-ML7 (38), Fig. 4 middle panel, is in many ways a peculiar nonetheless extremely robust microlensing event. This is because of its long duration, very large brightness at maximum amplification and location, far away from the M31 centre. In fact, this variation has been observed and well sampled, for most of its (long) bump, in three colours, so that the expected achromaticity has been extremely well verified. It is going to be interesting, once the statistics of observed events will enlarge with new observational campaigns, to see whether other events with similar characteristics will be observed or not. Furthermore, the PA-N2 light curve shows a deviation from the simple Paczyński shape. This anomaly has been the object of a thorough analysis of the POINT-AGAPE collaboration. In particular, An et al. (98) probed it to be compatible with a binary lens system. Because of all of these reasons PA-N2 looks as a robust microlensing event on its own right. PA-S3 (45)/GL1 (48), besides being, as expected for the "typical" M31 pixel-lensing events, short and near the M31 centre, has been observed both in the INT and the WeCAPP data set. The joined light curve gives an extremely convincing bonafide microlensing event (Fig. 4, bottom panel) . We also recall PA-S4 (49)/MEGA-ML11 (38) , located roughly along the line of sight of M32, a companion galaxy of M31, which is a convincing inter-galactic microlensing event (49) . Finally we mention PA-S5 (34): although this flux variation has not been selected by the microlensing selection pipeline (so that it even lacks the status of candidate event), still, it looks extremely interesting. Its shape, not to be easily explained by any intrinsic variable, deviates significantly from the Paczyński one in a way that is suggestive of a possible binary lens configuration. However, the poor sampling along the bump did not allow its full characterization. A further reason of interest is its position, about 20 ′ away from the M31 centre.
Looking for compact halo objects (and self-lensing events)
Once acknowledged the possibility to detect and characterize microlensing events in the pixel-lensing regime towards M31, the leading scientific question that has been addressed is the search for dark matter in form of compact halo objects. As already outlined, a main problem is the ability to distinguish MACHO lensing events from self-lensing ones. In fact, as we detail below, the main results reported up to now are in disagreement on the MACHO halo content, and this can be traced back mainly to this issue. The first attempt to draw conclusions on the MACHO content towards M31 has been carried out by Uglesich et al. (37) , who concluded for an evidence of a MACHO signal. The next analyses, from the POINT-AGAPE and the MEGA collaboration, presented their results with more detailed and reliable efficiency analyses, an essential step to meaningfully compare the observed and the expected signal.
POINT-AGAPE and MEGA made use of the same INT data set (although MEGA considered a fourth year of data not included in the POINT-AGAPE analysis).
POINT-AGAPE reported an evidence for a MACHO signal towards M31 (34) . In particular they have evaluated a lower limit for the halo fraction in form of MACHOs, f , of about 20% in the mass range 0.1 − 1 M ⊙ . On the other hand, MEGA concluded (39) that their observed rate was consistent with the expected self-lensing signal. In particular they ruled out a MACHO halo fraction, for 0.5 M ⊙ compact halo objects, larger than 30%.
POINT-AGAPE restricted the search of microlensing events to short duration, t FWHM < 25 days, and bright, ∆R MAX < 21, flux variations. With a thorough discussion to exclude the contamination of intrinsic variable objects they presented 5 microlensing candidate events upon which they based their following analysis 8 . Without any a priori cut in the event parameter space, MEGA presented 14 microlensing candidate events. All the additional events with respect to POINT-AGAPE can be explained because of the enlarged parameter space and the extended overall baseline. Besides, MEGA failed to report the detection of 2 of the POINT-AGAPE candidates (plus a third one detected nearby the M31 centre in a region MEGA excluded from his analysis).
To evaluate the expected signal, POINT-AGAPE developed a full Monte Carlo simulation completed by an efficiency analysis where the events selected within the Monte Carlo were injected in the data and submitted to the analysis pipeline. MEGA evaluated the microlensing rate taking into account the pipeline detection efficiency. As a result, for their fiducial model, to be specific we are going hereafter to consider MACHOs of 0.5 M ⊙ and fix f = 20%, POINT-AGAPE reported an expected self-lensing signal of about 0.8 events to be compared with 1.4 MACHO events, MEGA of 14 versus 6.2 events, respectively. Besides the overall numbers, that can not be directly compared because of the different regions in the event parameter space explored, a striking difference is in the expected ratio of self-lensing over MACHO lensing.
In order to evaluate the probability function for f , POINT-AGAPE have taken a specific care in order to include the information on the spatial distribution of the observed events. In fact, the position of PA-N2 , § 3.5.1, well away from the M31 inner region where self lensing is expected to be relatively small with respect to the would be MACHO signal, turned out to be essential to conclude on the "evidence" for the MACHO signal. On the other hand, a main weakness in the POINT-AGAPE analysis is the small statistics. This holds in particular because the reported result heavily depends on a single, though extremely robust by itself, microlensing candidate (PA-N2). Furthermore, MEGA argued that the M31 model used by POINT-AGAPE was bound to unduly underestimate the expected self-lensing signal even though POINT-AGAPE claimed to have paid attention, for his fiducial model, to actually consider stellar lenses only to account for self lensing. Besides, POINT-AGAPE have tested their results also for more massive luminous models, § 3.3, always finding evidence for a MACHO signal.
Although the analysis on the number of observed candidates versus expected self-lensing events clearly points towards the self-lensing explanation of the observed rate, a weakness in the MEGA analysis can be found in that they seem to underestimate the role played by the characteristics of the observed events. In particular, the spatial distribution of the events, both for a signal of asymmetry and because quite a large fraction of them lie far from the innermost M31 region, seems indeed, as in fact also pointed out by MEGA (see in particular their Fig. 18 ), to favour MACHO lensing over self lensing. (Besides, in their previous analysis, de Jong et al. (38) , the MEGA collaboration had preliminarly concluded that "the spatial distribution of candidate microlenses is suggestive of the presence of a microlensing halo", and more specifically "dark" halo). The spatial distribution, and a few more issues, have been also analysed by Ingrosso et al. (99; 100) who concluded that self lensing can hardly explain all of the MEGA microlensing candidates.
These analyses clearly have left the MACHO issue, as for the line of sight towards M31, still open. They also show the extent to which a correct modelling of M31, in particular of its luminous components, is extremely relevant. In fact, this should be taken as an opportunity of the need of a better astrophysical understanding both of the expected signal and of the observed events.
Along this direction the WeCAPP collaboration made a relevant contribution with an extremely detailed analysis of the PA-S3/GL1 event (94) . The joint analysis of INT and WeCAPP data allowed them to strongly constrain this event. Furthermore, a specific analysis on the relevance of the finite source effect, considering in particular the extremely large brightness of the event, and carefully including an analysis of all the event characteristics, allowed the authors to conclude on the much more likely MACHO, rather than stellar, nature of the lens. It is also noteworthy that this result is reached although, § 3.5.1, this event lies at very short distance from the M31 centre, where self-lensing signal is expected to be quite large with respect to MACHO lensing. Finally, it is worth stressing the methodological importance of such a joint analysis of different data sets (even reduced following different photometry schemes) that in particular allowed to robustly confirm the microlensing nature of this flux variation. This is a quite obvious outcome for Galactic bulge searches and it clearly suggests the way to be followed also for M31 analyses.
The hunt for extra-solar (extra-galactic) planets
Beyond the search for MACHOs microlensing is, together with other techniques (see e.g. the review in (101)), a suitable tool for the detection of extrasolar planets (102; 103). The microlensing signal for a planetary system is that of a binary lens with extremely small mass ratio, q, and it shows itself as a short duration perturbation of the smooth single lens light curve. Only of order of ten planets have been detected, towards the Galactic bulge, using microlensing (e.g. (104)) against a few hundreds with other methods (mainly, radial velocity and transit). However, microlensing has various advantages over other methods (105; 106) . In particular, microlensing is the only available tool sensitive to extra-solar planets at large distance from the solar system, up to extra-galactic distances.
Covone et al. (107) and Baltz & Gondolo (108) have been the first to discuss the possibility to detect extra-solar planets in M31 with pixel lensing. More recently, Chung et al. (109) , addressed this issue within the specific experimental set up of the ANGSTROM project discussing, in particular, the efficiency for detecting planets of Jupiter-mass within the lensing zone using a full network of telescopes. Ingrosso et al. (110) have analysed the same issue with the additional bonus of using a Monte Carlo approach spanning both the parameter space of the lens-planet system as well as that of the underlying lensing events. In particular, they have pointed out that a ∼ 6-Jupiter mass planet in M31 might already have been detected. In fact, the anomaly of the POINT-AGAPE PA-N2 candidate event had already been discussed to be compatible with a binary lens system with an extremely small mass ratio (98) . As a caveat for this exciting outcome we recall the extremely large uncertainties in the lens mass determination (and therefore on that of its companion). Whatever be the case with PA-N2, from the above considerations it clearly appears that the detection of planets in M31 is already a reachable objective. To this purpose, however, a similar strategy, with the caveats suggested by all the peculiarities of the pixel-lensing regime, as that followed for microlensing planet searches towards the Galactic bulge, with survey and follow up all around the world, is needed.
Finally, we mention a relevant byproduct of M31 pixel lensing searches, as of all microlensing analyses, namely the study of variable stars. This is both interesting in itself but also as a way to better understand the microlensing signal. We have already mentioned a relevant outcome from the thorough analysis of the POINT-AGAPE catalogue (87) . We also recall the specific analyses of Novae by POINT-AGAPE (111; 112), the AGAPE (113) and WeCAPP M31 variable star catalogues (114) , and the Nainital analyses (115; 116).
Pixel lensing beyond the Local Group
The pixel lensing technique allows the search for (stellar) microlensing events to be extended beyond the limit of the Local Group. This opportunity is extremely challenging, also because, at such large distance, one fully enters the "spike" regime, § 2. Pixel lensing is only moving his first steps in this direction, nonetheless it already clearly probed to be a viable tool of analysis.
A first possible target was soon identified to be the giant elliptical galaxy M87 at the centre of the Virgo Cluster. In (117) Gould addressed this problem and made a detailed proposal for a WFPC2/HST campaign with this purpose. Baltz et al (118) carried out this ambitious programme with a campaign lasting 30 days. In particular, they reported the detection of seven variable sources among those they identified one viable microlensing candidate consistent with a dark matter halo mass fraction of about 20% of microlensing objects for both M87 and the Virgo cluster.
A few other targets have also been proposed: the cluster A2152 in (119) and A2218 and A370 in (120) . More recently, de Jong et al. (121) carried out a microlensing pilot campaign looking at Centaurus A using the ESO/MPG 2.2m telescope, showing in particular the feasibility of the project.
Conclusion
Pixel lensing is stellar microlensing of unresolved sources (a situation characterized, as we have outlined, by the fact that the photon noise is dominated by that of the background level). It allows the realm of microlensing to be extended to distant targets, in the Local Group and beyond. In this review we have focused on the main observational results obtained up to now. The principal target for observations has been our nearby galaxy, M31.
Pixel lensing has probed to be able to confidently detect and robustly characterize microlensing events. The original microlensing motivation, the search for the (dark matter) compact halo objects (MACHOs) signal, is still an open issue. In the meantime it has become clear the importance of a correct understanding of self lensing, for which the lens belongs to some luminous population, both as a background signal to MACHO lensing and as an opportunity in itself for the study of the luminous lensing components.
The detection of about 30 microlensing candidate events has been reported towards M31. In particular, out of a complete analysis on the same INT data set, the POINT-AGAPE collaboration concluded for an evidence of a MACHO signal whereas the MEGA collaboration rather found its detected signal to be compatible with the expected self-lensing one. On the other hand, the careful analysis of an extremely well sampled event (with two different data sets) allowed the WeCAPP collaboration to conclude on the more likely MACHO rather than stellar nature for the lens of a bright event detected in the central M31 region.
These results motivate to further carry on both the theoretical and the observational efforts. In fact, pixel lensing is now entering a new phase of maturity, rich in opportunities not to be missed, with in particular the need for a deeper understanding of the microlensing signal from an astrophysical point of view. The increase of the understanding of the lensing signal with the ongoing campaign (ANGSTROM and PLAN), the effort to establish a real time analysis to be used for a network of telescopes (ANGSTROM), as well as the significant increase also in the number of events expected with the PAandromeda project, with the perspective of an invaluable full coverage of M31, are the next to come and essential steps towards this purpose.
Beyond the search for dark matter in form of compact halo objects, and more generally the study of the luminous M31 lens populations with self lensing, M31 pixel lensing is beginning to face also a new challenging purpose, still already within the reach of the present technology, the search for extra-solar, extra-galactic, planets. This is an additional (if needed) strong motivation for M31 pixel lensing searches. 
Note added in proof
